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Renal action of cholera toxin: LI. Effects on adenylate cyclase-
cyclic AMP system. The effects of cholera toxin (CT) on the
adenylate cyclase-adenosine 3',5'-cyclic monophosphate (cAMP)
system(s) in renal cortex were examined using the isolated renal
cortical tubules of rat. Unlike parathyroid hormone, catechol-
amines or prostaglandins, CT had no immediate effects on
cAMP production by the tubules or on adenylate cyclase activity.
However, after 30 mm of incubation at 37°C, cAMP production
by the tubules started to rise and reached a plateau between 60
and 90 mm. This rise in cAMP production was not abolished by
protein synthesis inhibitors (actinomycin D and cycloheximide)
nor by the inhibitors of prostaglandin synthesis (acetyl.salicylate
and indomethacin). Repeated washings of the tubules exposed to
the toxin for five minutes at 0 or 37°C did not abolish the effect of
CT to stimulate cAMP production. Assays of adenylate cyclase
activity using homogenates prepared from isolated tubules
which were incubated for 60 min with CT revealed an increase in
the basal adenylate cyclase activity without any change in NaF-
sensitive enzyme activity. It is concluded that CT binds to renal
tubule cells rapidly, possibly through energy-independent pro-
cess. CT stimulates adenylate cyclase activity and increases
cAMP production by the renal tubule cells after a latent period
of 30 mm. The stimulatory effects of CT are not due to new pro-
tein synthesis or prostaglandin formation.
Action rdnale de Ia toxine cholérique: II. Effet sur le système
adénylate-cyclase AMP cyclique. L'effet de Ia toxine cholérique
(CT) sur le (ou les) système(s) adénylate-cyclase-adénosine 3',5'-
AMP cyclique (cAMP) du cortex renal a été étudié sur les tubules
corticaux isolés de rat. A Ia difference de l'hormone parathy-
roidienne, des catécholamines ou des prostaglandines, CT n'a pas
d'effet immédiat sur la production de cAMP par les tubules ou
sur l'activité adénylate cyclase. Cependant, après 30 mm d'incu-
bation a 37°C, la production de cAMP par les tubules commence
a augmenter et atteint un plateau entre 60 et 90 mm. L'augmenta-
tion de Ia production de cAMP n'est pas abolie par les inhibiteurs
de la synthCse protéique (actinomycine D et cycloheximide) non
plus que par les inhibiteurs de la synthèse des prostaglandines
(acetyl-salicylate et indométhacine). Des lavages répétés des
tubules soumis a Ia toxine pendant cinq mm a 0°C ou 37°C
n'abolissent pas l'effet de stimulation de CT sur la production de
cAMP. La mesure de I'activité de l'adenylate cyclase dans des
homogénats préparés a partir de tubules isolés incubés pendant
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60 mm. avec CT montre une augmentation de l'activité basale
sans modification de l'activitó enzymatique NaF sensible. Ii en
est dCduit que CT se lie rapidement aux cellules tubulaires
rénales, peut-être par l'intermédiaire de processus ne requérant
pas d'énergie. CT stimule l'activité de l'adenylate cyclase et aug-
mente la production de cAMP par les cellules tubulaires rénales
aprés une période de latence de 30 mm. Les effets stimulateurs
de CT ne sont lies ni a une synthése protéique ni a la formation
de prostaglandine.
Available data indicate that cholera toxin (CT)
affects electrolyte transport in the intestine, and this
action is most probably mediated by the stimulation of
an adenylate cyclase-adenosine 3',5'-cyclic mono-
phosphate (cAMP) system in the intestinal epithelium
[1—3]. Thus, after 15 to 60 mm of a latent period, the
toxin increases the basal activity of adenylate cyclase
and the concentrations of cAMP in the epithelial cells
of the intestine [1—3]. It has also been shown that CT,
after a finite latent period, induces increments in the
adenylate cyclase activity of other tissues or cells such
as the liver, thyroid and leucocyte [4—6].
Friedler et al [7] have shown that the infusion of CT
into one renal artery produces an ipsilateral increase in
urinary excretion of various electrolytes and an in-
crease in the adenylate cyclase activity of the renal
tissue. These observations suggest that the kidney pos-
sesses adenylate cyclase(s) sensitive to CT, and the
stimulation of this enzyme may underlie the changes in
electrolyte transport produced by CT. The present
study was undertaken to characterize the effects of CT
on the renal adenylate cyclase-cAMP system(s).
Methods
Preparation of isolated tubules of rat renal cortex.
Isolated tubules of rat renal cortex were prepared as
described previously [8], with slight modification.
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Wistar male rats, weighing 180 to 200 g, were killed by
decapitation. After dissecting the outer and inner me-
dulla, minced cortical tissue was digested in 10 ml of
calcium-free Hanks' solution containing 8 mg of colia-
genase, 10 mg of hyaluronidase, 10 mg of glucose, 1 mg
of streptomycin sulfate and 1 mg of penicillin. After
60 mm of digestion at 37°C, isolated tubules
were obtained as described previously [8]. The final
tubule suspension contained 40 to 60 mg of protein/mi.
Incubation technique and the measurement of cAMP.
It has been previously shown that these tubules are
viable for 60 mm of incubation [9]. Since longer in-
cubation periods were utilized in some experiments in
the present study, we evaluated the viability of this
preparation after incubation for more than 60 mm.
The tubules did maintain stable adenosine triphosphate
concentrations by the end of 90 mm of incubation at
37°C. Therefore, the length of the incubation time in
any of our experiments did not exceed 90 mm.
Tubules from two to four rats were prepared for
each experiment which was run at least in triplicate in-
cubations; usually each experimental condition was re-
peated at least twice utilizing tubules from different
rats.
An aliquot (100 l) of isolated tubules, containing
4 or 6mg of protein, was incubated at 37°C in 1.0 ml
of Krebs-Ringer-bicarbonate (KRB) buffer, pH 7.4
(NaCl, 118 mM; KC1, 5 m'vi; KH2PO4, 1.2 mM;
MgSO4, 1.2 mM; CaCl2, 1.0 mM; NaHCO3, 25 mM)
with 2% bovine serum albumin and 95% 02:5% CO2
as a gas phase. To examine the immediate effects of
various test substances including cholera toxin, para-
thyroid hormone, catecholamines and prostaglandins,
the tubules were incubated for ten minutes with 10mM
theophylline, and the test substance was then added in
a total volume of 10 tl to yield a final concentration
given in Results. The incubations were continued for
one additional minute and then terminated by the addi-
tion of 0.9 ml of 10% trichloracetic acid [8].
In preliminary studies, we found that in the absence
of theophylline, there was no significant difference in
the cAMP content of the cortical tubules or the media
in the presence or absence of CT even after 60 mm of
incubation at 37°C (Fig. 1). However, when theophyl-
line, 10 m, was added at the end of incubations for
30 mm or more, there was a rapid rise in cAMP con-
tent only in the cells incubated with CT. The con-
centrations of cAMP reached a plateau within three
minutes (Fig. 1). These results indicate that the signifi-
cant increase of cAMP concentrations by CT could
not be detected unless an inhibitor of cAMP phospho-
diesterase (theophylline) is added. Therefore, in all
studies evaluating the effect of CT on renal cortical
cAMP, theophylline, 10 m, was added at the end of
each incubation. In most of the experiments with CT,
tubules were incubated with or without toxin for
60 mm at 37°C, and then theophylline was added in a
total volume of 100 l to the incubation media to give
a final concentration of 10 mM; the incubations were
continued for an additional three minutes at 37°C and,
then, terminated by the addition of 0.9 ml of 10% tn-
chloracetic acid. In this procedure the total content of
cAMP (in cells and in media) was measured.
Measurement of cAMP in the cells. At the end of the
incubation, the whole incubation mixture was trans-
ferred to a graduated glass centrifuge tube precooled
on ice. The flask which contained the incubation mix-
ture was rinsed with approximately 1 ml of ice-cold
KRB buffer and the rinse was added with the incuba-
tion mixture in the centrifuge tube. The combined
mixture was centrifuged at 1,000 to 1,500 rpm with an
International Clinical Centrifuge (International Equip-
ment Co., Needham Heights, MA) at room temper-
ature for five to ten seconds and the supernate was
decanted. Approximately 1 ml of 10% tnichloracetic
acid was added to the pellet (tubule cells), which was
resuspended and mixed by vortex mixer. This whole
procedure from the end of the incubation to the mixing
of the tubules in the acid was carried out within 30 to
40 sec. The volume of this acid mixture was adjusted
to 2.0 ml by careful dropwise addition of 10% tn-
chloracetic acid.
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Fig. 1. Changes in cAMP contents in isolated cortical tubule cells
and in the incubation media following the addition of 10mM theo-
phylline at the end of 60 miii incubation at 37°C with (left) and
without (right) cholera toxin. The data are representative of other
experiments performed under the same conditions.
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Measurement of cAMP in the incubation media. At
the end of the incubation period, the whole incubation
mixture was transferred to an ice-cold glass centrifuge
tube and centrifuged at room temperature at 1,000 or
1,500 rpm for five to ten seconds. An aliquot (200 l)
of the supernate was transferred to a glass tube con-
taining 200 l of l0% trichioroacetic acid.
The mixtures of tricholoroacetic acid with tubule
cells, the incubation media or both were treated in the
same manner as described previously [8] and the
cAMP contents were determined by the method of
Gilman [10].
Binding of cholera toxin to the tubule cells. In some
experiments, the tubules were incubated with the toxin
for five minutes at 0 or 37°C, and then the incubation
mixture was transferred to a graduated glass centrifuge
tube and centrifuged for 30 sec at room temperature at
approximately 500 rpm with an International Clinical
Centrifuge. The tubule pellet was resuspended by gentle
dispersion in 10 ml of ice-cold toxin-free KRB buffer
and centrifuged again for one minute at approximately
500 rpm at room temperature. The supernate was de-
canted and the pellet was resuspended in another 10 ml
of ice-cold toxin-free KRB buffer and centrifuged.
This washing procedure was repeated two more times.
The tubules were then incubated in the same original
volume of KRB buffer without toxin for 60 mm at
37°C. Theophylline (10 mM) was then added and the
incubations were continued for an additional three
minutes. Cyclic AMP contents in the tubule cells were
determined as already described herein.
Assay of adenylate cyclase activity. An enzyme pre-
paration for the assay of adenylate cyclase activity was
processed from the isolated tubules by the methods of
Melson, Chase and Aurbach [11] with modification.
In most experiments, the isolated tubules were incu-
bated in KRB buffer with or without cholera toxin for
60 mm at 37°C. Then the tubules were separated from
the incubation media by centrifugation at approxi-
mately 500 rpm at room temperature for one minute.
In some experiments, tubule suspension was studied
without incubation in KRB buffer. Tubules were sus-
pended in 5 ml of 50 m Tris-HC1, pH 7.5, with 1 mM
EGTA and homogenized with a homogenizer
(Potter-Eivehjem) using a motor-driven polytef (Tef-
lon) pestle. The homogenates were centrifuged at
2,200 x g for ten minutes at 4°C. The supernate was
decanted and the pellets were resuspended in 10 ml of
50 mM Tris-HC1, pH 7.5, with 1 mM EGTA, and cent-
rifuged again at 2,200 x g for ten minutes at 4°C. This
washing procedure was repeated one more time. Then
the pellets were suspended in 10 ml of 50 mM Tris-
HC1, pH 7.5, 30 m'vi KC1, 5 mM MgCl2, 1 mM EGTA
and 10 mr's theophylline and centrifuged at 2,200 x g
for ten minutes at 4°C. To these final pellets the appro-
priate amount of the same buffer used in the final
washing procedure was added to give a protein con-
centration of 4 or 6 mg/mi. This suspension was used
as an adenylate cyclase enzyme preparation. Protein
concentration was measured by the method of Lowry
et al [12]. An aliquot of enzyme preparation containing
100 to 150 ig of protein was incubated at 37°C for ten
minutes in a plastic tube (12 x 75 mm, Falcon Plastics)
containing 50 mM Tris-HC1, pH 7.5; 0.5 mr's EGTA;
5 mM MgC12; 0.05% bovine serum albumin; 15 mM
KC1; 10 mM theophylline; and 1.5 mr's adenosine tn-
phosphate (ATP) with or without various test sub-
stances in a total volume of 60 iii as described pre-
viously [13]; 10 mr's creatine phosphate and 0.5 mg/ml
of creatine-phosphokinase were used as adenosine tn-
phosphate (ATP)-regenerating system. At the end of
ten minutes' incubation, 100 l of 0.1 N HCI was added
to the incubation mixture and the tubes were placed in
a boiling water bath for three minutes. Then, 0.2 ml of
50 mM sodium acetate buffer, pH 4.0, was added; after
centrifugation to remove the denatured protein, the
content of cAMP in the supernate was determined by
the method of Gilman [10]. Any component of the in-
cubation mixture at a concentration employed in the
present experiments including ATP and theophylline
did not affect the displacement of cAMP from the
binding protein in the assay system utiiized. The line-
arity of the reaction in respect to the incubation time
and the enzyme protein concentration was predeter-
mined.
Purified CT was supplied by Drs. Robert S. North-
rup and Carl E. Miller of the National Institute of
Allergy and Infectious Diseases. Purified bovine para-
thyroid hormone and prostaglandins were the gifts of
Dr. Howard Rasmussen and Dr. John E. Pike, respec-
tively. Collagenase, hyaluronidase, isoproterenol, nor-
epinephrine and theophyliine were purchased from
Sigma Chemical Co., St. Louis, MO. All other chemi-
cals were obtained from standard supply sources and
were of analytical grade.
Results
Effects of cholera toxin and other agents on cAMP
concentrations in the isolated tubules. The changes in
cAMP in isolated cortical tubules observed after one
minute of incubation with CT, parathyroid hormone,
catecholamines or prostaglandins are shown in Table 1.
The concentrations of each agonist applied were those
which produced maximal cAMP concentrations in the
cortical cells. It is apparent that while parathyroid hor-
mone, isoproterenol, norepinephrine and prostaglan-
din E1, E2, A1 and A2 increased the concentrations of
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Experiment cAMP
pmolesfmg of protein
1. Control
Parathyroid hormone, 1 zg/m1
Calcitonin, 100 mU/mi
19.6±2.0
65.8 4.6
30.6±2.3
2. Control 16.2±1.0
Isoproterenol, 105M
Norepinephrine, 10M
32.5±1.6
31.0±1.0
3. Control
Prostaglandin E1, 10 g/rnl
E2, 10 g/ml
A1, 10 sg/ml
A2, 10ug/ml
17.5± 1.5
30.5± 3.0
31.8± 3.1
28.5± 2.5
29.9±2.2
4. Control
Cholera toxin, 0.1 sg/m1
1.0sg/m1
10 ig/ml
50g/ml
100 2g/ml
18.2± 3.6
18.2±2.0
16.4±3.0
20.7 2.4
18.1±2.3
16.2±2.0
5. Control
Cholera toxin, 1 g/m1
10sg/ml
50 sg/ml
100zg/ml
13.8±2.0
14.2±1.8
13.9±1.6
12.9±2.0
12.6±1.6
Isolated tubules were incubated in KRB buffer, pH 7.4, in the
presence of 10 mr'i theophylline for ten minutes at 37°C. Various
test substances were then added and the incubations were con-
tinued for one additional minute. The data denote cyclic AMP
contents in tubule cells and medium. Values are the mean SD of
triplicate incubations.
I I
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cAMP in the isolated tubules in the presence of 10 mM
theophylline, CT was without effect even with a con-
centration of 100 .tg/mI.
Time course of the effects of cholera toxin on cAMP
concentrations in the isolated tubules. The effect of CT
on cAMP contents of cells and media after incubation
for various lengths of time is presented in Fig. 2. The
concentrations of cAMP started to rise after 30 mm of
incubation and continued to increase, probably reach-
ing a plateau after 60 mm; the values at 60 and 90 mm
of incubation were not statistically different.
Dose-response relationship between cholera toxin and
cAMP concentrations in the isolated tubules. The effects
of various concentrations of CT on the concentrations
of cAMP in the tubules are shown in Fig. 3. There was
a clear dose-response relationship between various
concentrations of CT in the incubation media and
cAMP contents of cortical tubules; the maximal con-
centration of cAMP was achieved at a concentration of
1.0 g/ml of CT.
Binding of cholera toxin to tubule cells. Repeated
washing (four times) of cortical tubules exposed to CT
for 5 mm at 0 or 37°C did not prevent the increment in
cAMP production; when these tubules were further in-
cubated for 60 mm in a CT-free KRB buffer, the con-
centrations of cAMP rose to values similar to those
observed in experiments where CT was present in the
incubation media for 60 mm (Table 2). The incubation
of tubules with CT at 0°C for 50 mm followed by
further incubation of 10 mm at 37°C did not produce a
substantial rise in cAMP (Table 2).
Effect of inhibitors of protein synthesis and antiin-
flammatory agents. The effect of actinomycin D, cyclo-
heximide, acetyl salicylate and indomethacin on CT-
induced cAMP production is shown in Table 3. There
was no significant difference between the concentra-
tions of cAMP in renal cortical tubules after the incu-
bation with CT for 60 mm at 37°C in the presence or
absence of these various substances. Thus, none of
these agents inhibited the effects of CT on cAMP pro-
duction. The doses of the inhibitors of protein syn-
thesis (Table 3) have been shown to be effective in a
similar renal tubule preparation from the chick [14].
Table 1. Effects of parathyroid hormone, calcitonin, catecho-
lamines, prostaglandins and cholera toxin on cAMP concentra-
tions in the isolated cortical tubules of rat kidney after one
minute of incubation iso_
• 100
50..
0_
Control
Time, mm
Fig. 2. Time course profile of cAMP contents in isolated tubule
cells incubated with cholera toxin, 1.0 pg/mI. The values at each
data point are observed after three minutes following the addition
of theophylline to the incubation mixture. These values of cAMP
do not represent actual cumulative cAMP production but re-
flect cAMP production during the three-minute period with theo-
phylline. The data are representative of other experiments per-
formed under the same conditions.
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Fig. 3. Dose-response relationship between cholera toxin con-
centration in the incubation media and cAMP concentrations in
cortical cells. Tubules were incubated for 60 mm at 37°C followed
by 3-mm incubation with 10 mit theophylline. These values of
cAMP do not represent actual cumulative cAMP production but
reflect cAMP production during the 3-mm period with theophyl-
line. The data are representative of other experiments performed
under the same conditions.
Table 3. Effects of inhibitions of protein synthesis and of pros-
taglandin formation on the toxin-induced rises in cAMP con-
centrations in isolated tubulesa
Experiment cAMP
pmoles/mg of
protein
1. Control 29.5±4.0
Actinomycin D, 20 .g/m1 29.3 2.5
Cholera toxin, 0.1 gfm1 59.2± 3.0
+ actinomycin D, 20 igfml 54.2 5.5
2. Control 21.5±2.5
Actinomycin D, 60 g/ml 17.8±1.0
Cholera toxin, 0.1 g/ml 57.4± 3.8
+ actinomycin D, 60 g/ml 48.4 4.8
+ actinomycin D, 20 g/ml 52.8 3.5
3. Control 21.5±2.5
Cycloheximide, 120 g/ml 18.1 1.4
Cholera toxin, 0.1 i.gJml 57.4± 3.8
+cycloheximide, 120 Lg/ml 59.4±1.2
4. Control 30.0± 5.5
Cycloheximide, 20 g/ml 29.3 4.6
Cholera toxin, 0.1 g/ml 68.6± 3.5
+cycloheximide, 20 g/ml 62.0± 5.2
5. Control 38.7± 1.4
Acetyl-salicylate, 100 g/ml 44.6 2.0
Cholera toxin, 0.1 g/m1 84.3 5.2
+ acetyl-salicylate, 100 zg/ml 89.2 1.5
+ acetyl-salicylate, 25 zg/ml 89.5 2.1
6. Control 28.1±1.4
Acetyl-salicylate, 50 zg/ml 26.4 1.5
Cholera toxin, 0.1 g/ml 82.5 4.8
+ acetyl-salicylate, 50 ig/m1 76.8 5.4
+ acetyl-salicylate, 5 g/ml 82.0 5.7
7. Control 38.7±1.0
Indomethacin, 50 tg/ml 37.7 .4
Cholera toxin, 0.1 g/ml 77.0 2.0
+indomethacin, 50 g/ml 71.5±2.8
+ indomethacin, 10 pg/mI 76.7 1.4
8. Control 29.5±4.0
Indomethacin, 20 sg/ml 28.9 2.9
Cholera toxin, 0.1 g/ml 59.2± 3.0
+ indomethacin, 20 g/ml 67.2 4.0
a Cyclic AMP contents were measured in tubule cells plus me-
dium. Values are the mean SD of quadruplicate incubations.
Table 2. Effects of the exposure of the tubules to cholera toxin for five minutes on cAMP productiona
Ist incubation 2nd incubation cAMP, pmoles/mg of protein
Toxin Temperature Toxin Temperature Experiment 1 Experiment 2 Experiment 3
— 37°C — 37°C 19.3±1.3 21.5±2.2 17.0±1.2
— 37°C + 37°C 91.7±2.5 93.9±5.0 103.6±7.9
+ 37°C — 37°C 93.7±1.3 101.2±3.4 113.1±2.9
+ 0°C — 37°C 88.8±3.4 96.6±3.0 103.3±4.2
+ 0°C + 0°C
(50 mm)
37°C
(10mm)
24.6±2.7
° Isolated tubules were incubated for five minutes at 37°C or at 0°C with or without cholera toxin, 1.0 g/ml (1st in-
cubation). Then, the tubules were washed four times with ice-cold KRB buffer and reincubated for 60 mm without
cholera toxin (2nd incubation). At the end of this second incubation, theophylline, 10 m, was added for three minutes
and intracellular cyclic AMP contents were determined. Values are the mean SD of triplicate incubations.
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Also, the concentrations of indomethacin and acetyl
salicylate employed in the present study (Table 3) are
considerably higher than those which produced effec-
tive suppression of prostaglandin synthesis in other
tissues [15].
Effects of cholera toxin on adenylate cyclase activity
of homogenate of renal cortical tubules. The effects of
the various agonists including CT on adenylate cyclase
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Table 4. Effect of cholera toxin, parathyroid hormone, isopro-
terenol, prostaglandins and sodium fluoride on adenylate cyc-
lase activity, prepared from fresh isolated renal cortical tubules°
Adenylate cyclase activity, cAMP
formed, pmoles/mg of protein/rn/n
Experiment I Experiment 2
Control
Cholera toxin, l0i.g/m1
100g/m1
200 sg/ml
4.1± 1.8 7.1±0.7
4.0±0.2 6.3±0.8
4.6±0.9 7.3±1.0
4.5±0.4
Isoproterenol, 104M 15.5±1.7
Arachidic acid, 10 zg/m1
Prostaglandin E1, 10 g/ml
E2, 10g/ml
A1, 10sg/m1
A2, 10g/m1
4.4± 0.3 7.0±1.0
9.9 1.2 13.9 2.2
9.4±0.6 14.4+1.7
11.0±1.0 15.0± 1.9
9.3±0.5 12.8± 1.1
Parathyroid hormone,
20g/m1 43±4
NaF,lOmM 86±4 90±8
a Values are the mean SD of triplicate incubations.
activity are shown in Table 4. In homogenate prepared
from fresh tubules, parathyroid hormone, isoprotere-
no!, prostaglandin E1, E2, A1 and A2 and NaF stimu-
lated adenylate cyclase activity, while CT had no effect
even with a concentration of 200 g/ml. However,
when homogenates were prepared from tubules incu-
bated with CT for 60 mm at 37°C, the basal enzyme
activity was increased by approximately three-fold
(Tables 5 and 6). There was no significant difference in
NaF-sensitive enzyme activity in homogenates pre-
pared from tubules incubated for 60 mm at 37°C with
or without CT (Table 5). Furthermore, parathyroid
hormone, isoproterenol and prostaglandins produced
further stimulation of adenylate cyclase activity of
homogenates prepared from tubules incubated with
CT for 60 mm (Tables 5 and 6). Arachidic acid did not
have an effect on the enzyme activity.
Discussion
The results of the present study demonstrate that CT
stimulates cAMP production by the renal cortical cells
Table 5. Effects of isoproterenol, parathyroid hormone (PTH) and NaF on adenylate cyclase activity of homogenates prepared from
tubules incubated for 60 mm at 37°C with or without cholera toxin, 1.0 sg/mla
Experi-
ments
Cholera
toxin
Adenylate cyclase activity, cAMP fo rmed, prnoles/mg of protein/mm
Isoproterenol, PTH, NaF,10M 20zg/m1 10mM
1 (—)(+) 4.0±0.112.5±0.8 7.3±0.416.6±0.5 23.8±0.533.6±1.6 83±486±6
2 (—)(+) 4.4±0.312.4±0.3 5.9±0.316.7±0.4 17.3±1.032.9±1.5 54±354±3
3 (—)(+) 4.8±0.213.9±0.5 7.1±0.417.2±0.5 27.6±1.232.9±2.9 46±545±3
a Values are the mean SD of triplicate incubations.
Table 6. Effects of prostaglandins on adenylate cyclase activity of homogenates prepared from tubules incubated for 60 miii at 37°C
with or without cholera toxin, 1.0 ig/m1°
Experi-
ment
Cholera
toxin
Adenylate cyclase activity, cAMP formed, pmoles/mg of protein/mm
Arachidic acid PGE1 PGE2 PGA1 PGA2
10 sg/m1 10 sg/ml 10 sg/ml 10 g/m1 10 sg/ml
I (—) 7.2±0.9 7.9±1.4 14.1±2.4 13.9±1.9 14.2±1.2 13.5±0.8(+) 23.1±0.9 25.3±0.7 31.0±1.3 32,2±2.1 33.8±1.6 34.3±2.2
2 (—) 6.8±0.4 8.1±0.7 15.8±2.0(+) 21.6± 1.9 19.6± 1.6 29.1± 1.0
3 (—) 8.0±1.3 8.7±0.6 13.4±0.2(+) 22.5±1.6 22.7±1.5 27.2±0.8
4 (—) 7.1±0.7 7.4±0.8 13.9±2.2 14.4±1.7 15.0±1.9 12.8±1.1(+) 23.4±1.4 24.0±0.8 28.2±1.3 31.2±2.7 32.0±2.9 29.1±1.7
a Values are the mean SD of triplicate incubations.
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after a latent period of 30 mm. These observations are
similar to those noted in studies evaluating the effect of
CT on cAMP formation in other tissues [1, 3, 5, 6, 16].
The data further demonstrate that the toxin binds
rapidly to the renal cell by a process which is not
energy-dependent since washing of tubules exposed to
toxin for five minutes at 37° or 0°C did not abolish the
effect of CT on cAMP production. However, the find-
ing that the incubation of renal tubules with cholera
toxin for 50 mm at 0°C did not increase cAMP pro-
duction suggests that the process through which CT
augments cAMP formation is probably energy-depen-
dent. Similar observations have been reported in fat
cell preparations [17].
The finding that CT increases cAMP content in
renal tubules only in the presence of theophylline in-
dicates that the observed increment in cAMP con-
centrations is not due to inhibition of cAMP phospho-
diesterase by CT, but is due to increased production of
cAMP secondary to stimulation of adenylate cyclase(s).
Indeed, we have demonstrated that CT does stimulate
basal adenylate cyclase activity in the kidney both in
vitro (Tables 5 and 6) and in vivo [7]. A similar effect of
CT on this enzyme has been demonstrated in intestinal
epithelia [2, 3], liver [4], thyroid [5]and leucocytes [6].
The demonstration that CT stimulates adenylate
cyclase but increases cAMP content only in the pres-
ence of theophylline does not necessarily indicate a
discrepancy between the effect of CT on these two in-
dexes. This is probably due to the rapid degradation of
cAMP by phosphodiesterase in the tubule cells. A
similar phenomenon has been observed in isolated fat
cells. Catecholamines stimulated adenylate cyclase and
caused lipolysis, but a rise in cell cAMP was not ob-
served unless theophylline was added to the incubation
media [18, 19].
The observation that the effect of CT on cAMP pro-
duction occurs after a delay of 30 mm suggests that the
action of CT may be mediated by new protein synthesis
or generation of another substance which in turn
stimulates cAMP production. However, the present
study shows that inhibitors of protein synthesis, acti-
nomycin D and cycloheximide, did not alter the effect
of CT on cAMP production. Also, a high concentra-
tion of actinomycin D or cycloheximide did not block
the effect of CT on lipolysis or adenylate cyclase activ-
ity of isolated fat cells [17, 20]. Furthermore, NaF-
sensitive adenylate cyclase activity was not increased
by CT suggesting that the toxin did not increase the
number of enzyme molecules; this provides further
support that the effect of CT on cAMP production is
not dependent upon new protein synthesis.
It has been postulated that CT may stimulate pros-
taglandin formation which in turn augments cAMP
production [21]. Support for this assumption was pro-
vided by the finding that pretreatment of rats [22] and
cats [23] with inhibitors of prostaglandin synthesis,
aspirin and indomethacin, prevented CT-induced di-
arrhea in these animals. However, others found that
these agents did not prevent the stimulation of cAMP
production in other tissues by CT [24, 25]. The data of
the present study also indicate that CT toxin does not
exert its effect on cAMP production of the renal cell
through the synthesis of prostaglandin. First, acetyl
salicylate or indomethacin did not abolish the effect of
CT on cAMP production (Table 3). Second, the effect
of the toxin on adenylate cyclase activity is greater
than that of prostaglandin (Table 6). Third, available
data indicate that prostaglandins are produced by renal
medulla and not by renal cortex [26]. Therefore, it is
unlikely that the augmentation of cAMP production
by CT observed in the cortical tubule preparation is
due to prostaglandin synthesis.
The possibility that during the 60-mm incubation
with CT, the tubule cells release into the media other
substances which are able to stimulate cAMP produc-
tion seems remote. Media obtained after 60 mm of in-
cubation of tubule cells with CT in KRB buffer did not
cause an immediate increase in concentrations of
cAMP of fresh tubule cells.
The results of Friedler et a! [8] and the data of the
present study demonstrate the presence of renal adeny-
late cyclase sensitive to CT, and that the characteristics
of the interaction between this enzyme and CT are
similar to those observed in other tissues [2—6]. It is
possible that stimulation of renal adenylate cyclase(s)
by CT plays an important role in the alterations of
electrolyte transport by the renal tubules described by
Friedler et al [7]. It is of interest that CT did not stimu-
late gluconeogenesis (unpublished data) despite the in-
crement in cAMP production, suggesting that an aug-
mentation in cAMP formation does not necessarily
result in all the expected cellular responses.
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